
Charles University in Prague 

First Faculty of Medicine 

 

Study program: Biochemistry and Pathobiochemistry 

 

 

 
 

 

Ing. Roman Vozdek 

 

 

The metabolism and signaling of hydrogen sulfide: 

the role of CBS-related proteins in Caenorhabditis elegans 

 

Metabolismus a signalizace sirovodíku:  

úloha proteinů příbuzných k CBS u Caenorhabditis elegans 

  

 

Ph.D. Thesis 

 

 

Supervisor: Prof. MUDr. Viktor Kožich, CSc. 

 

 

 

Prague, 2013 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Prohlašuji, že jsem závěrečnou práci vypracoval samostatně a že jsem řádně uvedl a citoval 

všechny použité prameny a literaturu. Současně prohlašuji, že práce nebyla využita 

k získání jiného nebo stejného titulu. 

 

Souhlasím s trvalým uložením elektronické verze mé práce v databázi systému 

meziuniverzitního projektu Theses.cz za účelem soustavné kontroly podobnosti 

kvalifikačních prací. 

 

V Praze, 15.10.2013        ROMAN VOZDEK 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Identifikační záznam: 

VOZDEK, Roman. Metabolismus a signalizace sirovodíku: úloha proteinů příbuzných k 

CBS u Caenorhabditis elegans [The metabolism and signaling of hydrogen sulfide: the 

role of CBS-related proteins in Caenorhabditis elegans]. Praha, 2013, 150 s., Disertační 

práce (Ph.D.). Universita Karlova v Praze, 1. lékařská fakulta, Ústav dědičných 

metabolických poruch. Vedoucí práce Kožich, Viktor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Key words: 

Hydrogen sulfide, cystathionine beta-synthase, C. elegans, hypoxia, metabolism, signaling  

 

Klíčová slova: 

Sirovodík, cystathionin-beta-synthasa, C. elegans, hypoxie, metabolismus, signalizace 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ACKNOWLEDGEMENT 

First, I would like to express my gratitude to Prof. Viktor Kožich, my research supervisor, 

for his patient guidance, useful critique of this research, and excellent supervision in the 

beginning of my scientific career. I would like to express my great appreciation to Dr. Aleš 

Hnízda for his cooperation, advices and support which was a great help at important stages 

of the study.  

 

My special thanks are extended to Dr. Jakub Krijt, Ms. Alena Dutá, Ms. Katka Raková, Dr. 

Vojtěch Spiwok and Ms. Hana Prouzová for their helpful comments and excellent 

technical assistance. The assistance provided by Dr. Kostrouchová is also greatly 

appreciated. I would also like to extend my thanks to the staff of the laboratory of the 

Institute of Inherited Metabolic Disorders, especially our research team, for their help and 

camaraderie, and our former leader Prof. Elleder for his brilliant advice and enthusiasm for 

research. 

 

I am particularly grateful for the opportunity to collaborate with the Horvitz lab at MIT in 

Cambridge, USA. Special thanks are due, particularly to Dr. Dengke Ma and Prof. H. 

Robert Horvitz who shared their ideas and scientific enthusiasm with me. I also wish to 

thank Prof. Csaba Szabo for giving me the opportunity to join his team at the University of 

Texas in Galveston, USA, and for his kind care during my visit.  

 

 

Finally, I wish to thank my family for their support and encouragement throughout my 

study. Without them I would not have been able to finish my project.  

 

 

 

I would also like to thank the Ministry of Education of the Czech Republic, the Wellcome 

Trust, the Grant Agency of Charles University, and the research program of the Charles 

University in Prague for their financial support. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ABSTRACT 

Hydrogen sulfide (H2S) is a toxic gas that causes respiratory failure and death at high 

concentrations, but at low concentrations, it functions as a signaling molecule in 

vasodilation and neuromodulation, and it protects cells and tissues from reperfusion injury, 

hypoxia, hyperglycemia and endothelial dysfunction. Several model organisms have been 

used to study the physiological roles and signaling pathways of H2S. The roundworm 

Caenorhabditis elegans is a remarkable model for studying the physiology, developmental 

biology and signaling of H2S; however, the metabolism of H2S in this animal is largely 

unknown. Cystathionine beta-synthase (CBS) is one of three H2S-producing enzymes in 

mammals. Notably, C. elegans possesses 6 genes that encode proteins homologous to CBS, 

namely cbs-1, cbs-2, cysl-1, cysl-2, cysl-3 and cysl-4. In this thesis we studied the roles of 

these genes in H2S metabolism and signaling. First, we identified cbs-1 as the gene 

encoding CBS in C. elegans; the recombinant purified CBS-1 protein exhibited canonical 

CBS activity, and RNA interference-mediated silencing of cbs-1 resulted in decreased CBS 

activity and increased homocysteine levels in worm extracts, recapitulating the phenotypes 

of CBS deficiency in mammals. Notably, the nematode and human enzymes differ in their 

domain architecture and in their allosteric regulation. Next, we determined that in C. 

elegans, the remaining CBS-related proteins have other roles that are not present in 

mammals. Whereas cbs-2 and cysl-4 are pseudogenes, cysl-1, cysl-2 and cysl-3 encode 

proteins that are homologous to the plant and bacterial O-acetylserine(thiol)lyases. CYSL-

1 is involved in the activation of hypoxia-inducible factor-1 (HIF-1). The increased levels 

of H2S during hypoxia promote the interaction of CYSL-1 with a proline hydroxylase 

EGL-9, leading to the sequestration of EGL-9 and the activation of HIF-1. Therefore, 

CYSL-1 transduces the H2S signal as a response to hypoxia and protects cells from various 

toxic agents and stressors. CYSL-2 functions as a cyanoalanine synthase (CAS) in the 

cyanide detoxification pathway, the activity of which releases H2S. Thus, in contrast to 

mammals, C. elegans possesses four different enzymes that produce H2S de novo. The role 

of CYSL-3 remains unclear, nevertheless, our data suggest that via its sulfhydrylase 

activity, CYSL-3 might maintain cellular H2S homeostasis. In summary, these studies 

revealed that the CBS-related proteins have distinct and specific roles in C. elegans, 

demonstrated novel aspects of H2S metabolism and signaling in animals, and presented C. 

elegans as a novel and unique model for CBS deficiency. 

 

 



 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



ABSTRAKT 

Sirovodík (H2S) je toxický plyn, který ve vysokých koncentracích způsobuje respirační 

selhání a smrt organismu, zatímco v nízkých koncentracích hraje roli jako vasodilatátor, 

neuromodulátor, a chrání buňky a tkáně před reperfuzním poškozením, hypoxií, 

hyperglykémií či dysfunkcí endotelu. Ke studiu fyziologie a signalizace H2S je využíváno 

hned několik modelových organismů. Hlístice Caenorhabditis elegans je pozoruhodným 

modelem ke studiu fyziologie, vývojové biologie, a v neposlední řadě i signalizace H2S, 

nicméně metabolismus sirovodíku v tomto organismu není známý. Cystathionin-beta-

synthasa (CBS) je jedním ze tří enzymů produkujících H2S u živočichů. Zajímavé je, že u 

C. elegans je postulováno hned šest genů kódující homologní proteiny k CBS (cbs-1, cbs-

2, cysl-1, cysl -2, cysl -3 a cysl -4). Cílem této práce bylo zjistit funkci těchto genů 

v metabolismu a signalizaci H2S u C. elegans. Nejprve jsme identifikovali cbs-1 jako gen 

kódující CBS; rekombinantní purifikovaný protein CBS-1 vykázal CBS aktivitu a RNA 

interference cbs-1 vedla ke snížené CBS aktivitě a zvýšené hladině homocysteinu v červích 

homogenátech, což rekapituluje deficit CBS u savců. Je zajímavé, že hlístí a savčí CBS 

mají odlišnou doménovou architekturu a tedy i posttranslační regulaci. Dále jsme zjistili, 

že ostatní proteiny příbuzné k CBS mají u C. elegans jiné úlohy, které u savců chybí. 

Zatímco cbs-2 a cysl-4 jsou pseudogeny, cysl-1, cysl-2 a cysl-3 kódují proteiny homologní 

k rostliným a bakteriálním O-acetylserin(thiol)lyasám. CYSL-1 hraje roli v signalizační 

dráze transkripčního faktoru HIF-1 (hypoxia-inducible factor 1). Zvýšená hladina H2S 

během hypoxie vede k interakci CYSL-1 s prolinovou hydroxylasou EGL-9, což 

způsobuje inhibici EGL-9 a následnou aktivaci HIF-1. CYSL-1 tedy transmituje signály 

sirovodíku jako odpověď na hypoxii, a brání tak buňky proti nejrůznějším toxickým a 

stresovým jevům. CYSL-2 je kyanoalanin synthasa (CAS) působící v detoxifikační cestě 

kyanidů, jejíž aktivita produkuje H2S. C. elegans má tedy na rozdíl od savců čtyři různé 

enzymy, které intracelulárně produkují de novo H2S. Role CYSL-3 u C. elegans není 

doposud jasná, nicméně naše data naznačují, že CYSL-3 pomocí sulfhydrylásové aktivity 

může udržovat homeostázu H2S v buňkách. Tyto studie dohromady zjistily, že proteiny 

příbuzné k CBS mají odlišné a vysoce specifické funkce u C. elegans, ukazují nové 

aspekty signalizace a metabolismu H2S u živočichů a představují C. elegans jako nový 

unikátní model ke studiu deficitu CBS.  
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1. INTRODUCTION 

 

Hydrogen sulfide (H2S) is a toxic gas with a rotten-egg odor, and its beneficial effects have 

long been known. The ancient Greeks experienced its benefits by bathing in sulfur-

containing springs (Moss G. A., 2010), and there is evidence that the consumption of a diet 

rich in foods containing organosulfur compounds that release H2S, such as garlic or onion, 

is associated with longevity (Mulrow C. et al., 2000). Over the last two decades it was 

demonstrated that H2S is naturally produced in cells, and its essential biological roles have 

been postulated (Wang R., 2012). Moreover, recent studies have shown that the 

administration of exogenous H2S has therapeutic potential in cardiovascular diseases such 

as atherosclerosis, in wound healing and in preventing reperfusion injury (Szabo C., 2007). 

Both the beneficial and toxic effects of H2S are noteworthy and similar to those of the 

other gaseous signaling molecules, carbon monoxide (CO) and nitric oxide (NO). Many 

studies have reported that CO and NO play important roles in animal physiology and the 

pathology of many diseases; on the basis of these studies, several new drugs have been 

developed (Wu L. and Wang R., 2005). H2S is the third gasotransmitter that has been 

discovered, and it is involved in many physiological and pathological processes; however, 

its metabolism and signaling are only partially understood.  

 

1.1 H2S metabolism 

 

Most of the sulfide in the body is provided by the metabolic activity of microflora in the 

intestine (Macfarlane G. T. et al., 1992) or by non-enzymatic processes using H2S donors 

such as diallyl trisulfide (in garlic), which are present in sulfur-rich diets (Benavides G. A. 

et al., 2007). In the last two decades, it was determined that H2S is extensively generated in 

cells by non-enzymatic and enzymatic mechanisms (Kimura H., 2011). Studies have also 

reported that the sequestration of H2S is mediated by many mechanisms, including the 

enzymatic and non-enzymatic degradation of H2S (Wang R., 2012). These findings suggest 

the complexity of the mechanisms by which H2S homeostasis is maintained in the body.  

 

1.1.1 Non-enzymatic intracellular production of H2S 

Large amounts of sulfide can be stored in cells, termed “bound sulfane sulfur” (Table 1) or 

acid-labile sulfur (iron sulfur clusters) (Ogasawara Y. et al., 1994). H2S can be released 

from bound sulfane sulfur as a response to elevated reducing conditions in the cells; 
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reduced glutathione or thioredoxin may participate in this process. These findings suggest 

that the H2S generated from the bound sulfur sulfane pool regulates the cellular redox 

environment and protects cells from oxidative stress. In contrast, the release of H2S from 

the acid-labile sulfur pool occurs in response to acidic conditions below the critical pH of 

5.4 (Ishigami M. et al., 2009). However, the physiological relevance of these phenomena is 

not yet clear. 

 

1.1.2 De novo biosynthesis of H2S  

In mammals, there are 3 enzymes that can biosynthesize H2S de novo, namely, 

cystathionine β-synthase (CBS), cystathionine γ-lyase (CGL) and 3-mercaptopyruvate 

sulfurtransferase (3MST) (Kimura H., 2011).  

CBS is a pyridoxal 5-phosphate (PLP)-dependent enzyme that catalyzes various 

reactions by replacing the functional group at the β-position of amino acids (Braunstein A. 

E. and Goryachenkova E. V., 1984). By this mechanism, CBS produces α-aminoacrylate, 

which is an external aldimine in the enzyme active site (Jhee K. H. et al., 2000). CBS can 

utilize serine or cysteine as the primary substrate, leading to the release of water or sulfide, 

respectively. Recovery of the 

enzyme is mediated by the 

binding of the secondary 

substrate to replace PLP. 

Subsequently, PLP covalently 

binds to a lysine residue in the 

enzyme active site, forming an 

internal aldimine. The secondary 

substrate can be water or sulfide, 

releasing serine or cysteine, respectively. However, the preferred secondary substrate for 

CBS is homocysteine, which leads to the formation of cystathionine. Consistent with this 

process, CBS deficiency leads to homocysteinemia, which demonstrates the essential role 

of CBS in the maintenance of homocysteine homeostasis (Kraus J. P. and Kožich V., 

2001). Cysteine can also be utilized as a secondary substrate by CBS, leading to the 

production of lanthionine, but this activity is catalytically inefficient (Singh S. et al., 2009).  

Table 1. Bound sulfane sulfur 

thiosulfate  S2O3
2‐

persulfide  Cys‐S‐SH (thiocysteine) 
protein persulfide  Prot‐S‐SH (S‐sufhydration) 
glutathion persulfide  Glut‐S‐SH (thioglutathion) 
thiosulfonate  R‐SO2SH (thiotaurin) 
polysulfide  Cys‐S‐Sn‐S‐Cys (thiocystine) 
polythionate  SO3‐‐S‐S‐S‐SO3‐ (tetrathionate) 
elementar sulfur  protein‐(S0 (protein associated sulfur) 

CGL is a PLP-dependent enzyme that catalyzes gamma replacement reactions 

(Aitken S. M. and Kirsch J. F., 2005). CGL can catalyze the degradation of cystathionine 

into cysteine, α-ketobutyrate and ammonia in the transsulfuration pathway (Stipanuk M. 
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H., 1986). In vitro, CGL can also produce homolanthionine and cystathionine, along with 

H2S. In these reactions, the thiol group of homocysteine is replaced by the addition of 

homocysteine or cysteine, thus releasing sulfide. Under normal intracellular concentrations 

of homocysteine, the most effective manner in which CGL produces H2S is the catabolism 

of cysteine into H2S, ammonia and pyruvate (Chiku T. et al., 2009). For this reaction, CGL 

utilizes cystine (the oxidized form of cysteine) to form cysteine persulfide, from which H2S 

can be released in the form of S0 (oxidized H2S) by a non-enzymatic process (Yamanishi 

T. and Tuboi S., 1981).  

The third known H2S-producing enzyme is 3MST, which functions with the PLP-

dependent cysteine aminotransferase (CAT). CAT utilizes cysteine to produce 

mercaptopyruvate, which is then utilized by 3MST to produce H2S (Shibuya N. et al., 

2009). 3MST requires a 

reducing agent such as 

thioredoxin or dihydrolipoic 

acid to complete the 

decomposition of 

mercaptopyruvate into H2S 

(Mikami Y. et al., 2011).  

Although the three 

H2S-producing enzymes are 

expressed in various tissues 

and cells, it is unclear how 

each enzyme contributes to 

the overall homeostasis of 

H2S in the body or in 

specific tissues. CBS and 

CGL are enzymes of the 

transsulfuration pathway 

that converts homocysteine 

into cysteine, and they are 

expressed in the liver, 

pancreas and kidney. CBS is 

also expressed in the brain, where it acts as a H2S-producing enzyme (Abe K. and Kimura 

H., 1996), whereas CGL is expressed in the vascular and respiratory systems and produces 

Figure 1. Intracellular H2S production in mammals. Hydrogen 
sulfide (H2S) is enzymatically biosynthesized de novo by various 
reactions. The primary source of H2S can be i) cysteine, which is 
absorbed from food, biosynthesized from methionine via the 
transsulfuration pathway, or produced from H2S by CBS activity, ii) 
homocysteine, which is formed in the transsulfuration pathway, or 
iii) mercaptopyruvate, which is produced by CAT from cysteine. 
CBS and CGL produce H2S by the catalyzing the β-replacement of 
cysteine or the γ-replacement of homocysteine and cystine, 
respectively. 3MST produces H2S from mercaptopyruvate in the 
presence of a reducing agent. In addition, H2S can be produced in 
cells from the bound sulfur pools (bound sulfane sulfur and acid 
labile sulfur). CBS, cystathionine β-synthase; CGL, cystathionine γ-
lyase; 3MST, 3-mercaptopyruvate sulfurtransferase; CAT, cysteine 
aminotransferase. 
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H2S in these tissues (Yang G. et al., 2008). 3MST is expressed in many of these tissues, 

but its contribution to H2S production is not well understood. Nevertheless, there is 

growing evidence that 3MST acts as a H2S-producing enzyme that regulates mitochondrial 

function (Modis K. et al., 2012). 

 

1.1.3 Catabolism of H2S 

High concentrations of H2S are toxic for cells because they inhibit the activity of 

cytochrome c oxidase (COX). The catabolism of H2S can be mediated by its exhalation, 

excretion in the urine or degradation into non-toxic compounds (Wang R., 2012). The most 

common catabolic pathway of H2S is its oxidation to sulfite (SO3
2-) and, subsequently, to 

sulfate (SO4
2-), which is then excreted in the urine. The oxidation pathway that occurs in 

the mitochondria is a complex process requiring several enzymes (Figure 2). First, H2S 

binds to the membrane-bound 

sulfide:quinone oxidoreductase (SQR) 

to form persulfide (SQR-S-SH). 

Sulfur dioxygenase (ETHE1) ensures 

the efficient oxidation of persulfide 

into SO3
2-, which is further oxidized 

by sulfite oxidase (SOD) into SO4
2- 

(Hildebrandt T. M. and Grieshaber M. 

K., 2008). Alternatively, the SQR-

bound persulfide can be converted 

into SO3
2- and then, reversibly, to 

thiosulfate (S2O3
2-) by an isoform of 

the rhodanase-family protein, 

thiosulfate sulfurtransferase (TST). 

Thiosulfate can be utilized by 

rhodanase during cyanide 

detoxification to form thiocyanate 

(SCN-) or reduced back into sulfide. 

3MST, a homolog of the rhodanase-

like protein family, does not produce thiosulfate (Ramasamy S. et al., 2006), suggesting 

that 3MST functions exclusively in H2S production and/or cysteine detoxification. 

Notably, once H2S binds to SQR, ubiquinone accepts electrons from H2S and transfers the 

Figure 2. Oxidation of H2S in the mitochondria. H2S
forms persulfide with SQR. Persulfide is then either 
oxidized to sulfite by ETHE1 or to thiosulfate and sulfite 
by TST. Thiosulfate can be either reduced back into 
sulfide in the presence of a reducing agent such as 
glutathione or thioredoxin, or oxidized back to sulfite and 
then, to sulfate, by SOD. The electrons from H2S (dashed 
line) are utilized by the respiratory chain super-
complexes (I, II, III, IV) for oxidative phosphorylation. 
SQR, sulfide:quinone oxidoreductase; ETHE1, sulfur 
dioxygenase; SOD, sulfite oxidase; TST; thiosulfate 
sulfur transferase 
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electrons to the complex III of the mitochondrial respiration pathway (Marcia M. et al., 

2010). Thus, the mitochondrial oxidation of H2S mediated by SQR pathway has an impact 

on cellular bioenergetics (see below).  

Another possible H2S-catabolic pathway is its methylation, which is catalyzed by the 

enzyme thiol S-methyltransferase (TSMT). This process occurs in the cytosol and produces 

methanethiol (CH3-SH). TSMT can further methylate methanethiol to dimethylsulfide 

(CH3-S-CH3), which is considerably less toxic. TSMT exhibits its highest activity in the 

colonic and cecal mucosa (Weisiger R. A. et al., 1980), and it displays lower activities in 

the liver, lungs, and kidneys. The importance of the methylation process in the catabolism 

of H2S is unclear because sulfide methylation is 10,000 times slower than sulfide 

oxidation, at least in the colonic mucosa (Levitt M. D. et al., 1999). Thus, the methylation 

of H2S might not occur in cells due to its detoxification, but methanethiol might be 

biosynthesized to serve as a signaling molecule. H2S can also react non-enzymatically with 

oxidants, which drastically decreases the H2S levels in cells, especially during oxidative 

stress (Carballal S. et al., 2011). These reactions that scavenge various radical species 

represent another possible mechanism by which H2S modulates various physiological 

responses in cells (see below). The involvement of each H2S-detoxification pathway and 

its contribution to the regulation of specific H2S-signaling pathways is largely unknown 

and requires additional studies.  

 

1.2 Molecular mechanisms of H2S signaling 

 

The physical properties of gaseous H2S allow its transportation across membranes by 

diffusion without the need for transporters; thus, H2S is widely distributed in the body. 

There is growing evidence that H2S derived from exogenous and endogenous sources 

serves as a signaling molecule, but the contribution of sulfide from each source to the pool 

is unknown. The steady-state sulfide concentrations in the intracellular and extracellular 

space are unclear because prior studies have reported a 105-fold concentration range. The 

concentration of exogenous H2S that is necessary to initiate a physiological response is 10-

1000 µmol/l, but recent studies suggest that the H2S concentrations in blood and tissues are 

10-100 times lower (Furne J. et al., 2008; Olson K. R., 2009; Whitfield N. L. et al., 2008). 

The chemical properties of sulfide indicate that under physiological conditions (37 °C, pH 

7.4), approximately 80% of the free sulfide pool is present in the form of HS-, whereas 

20% is present in the state as H2S (Wang R., 2012). 
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Table 2. Selected examples of H2S signaling 

 Mechanism    Target    Regulation   Effect 

 hemoglobin   reduces oxygen transport   hypoxia  

 myoglobin   reduces oxygen transport   hypoxia  

 cytochrome c    diminishes electron transport   impaired bioenergetics 

 cytochrome c oxidase   diminishes electron transport   impaired bioenergetics 

metal binding 

 cytochrome c oxidase   activates KATP channel   muscle relaxation 

 PTP1B   inactivates PTP1B   ER stress resistance 

 p65   inhances NF‐кB/RPS3 interaction   anti‐inflammatory effect 

 GAPDH   increases GAPDH activity   increased rate of glycolysis 

 KEAP1   activates Nrf2    stress resistance 

 Kir6.1, SUR   opens KATP channel   vasodilatation 

S‐sulfhydration 

 SQR   Increased electron transport   improved bioenergetics 

 NO.  sequestration of NO   impaired NO signaling radical 
scavenging   H2O2, OH

., ONOO_  decreased ROS    oxidative stress resistance 

The H2S signaling is mediated by at least 3 different direct molecular mechanisms 

that exert a wide array of physiological and pathological effects (Table 2). H2S is a strong 

nucleophile that targets metalloproteins such as cytochrome c oxidase and carbonic 

anhydrase, and it interacts with the heme moiety and other metal ions (Cu, Fe). These 

interactions usually result in the inhibition of protein function, as determined for COX 

(Hill B. C. et al., 1984). The binding of H2S to COX results in the impairment of electron 

transport in the inner mitochondrial membrane, leading to the inability of cells to produce 

ATP. In addition, the binding of H2S to hemoglobin or myoglobin results in the formation 

of sulfhemoglobin or sulfmyoglobin, respectively, which have decreased affinities for 

oxygen (O2), diminishing inter-organ and intracellular oxygen transport (Pietri R. et al., 

2011).  

Another mode of H2S action is the covalent modification of thiols, especially the 

cysteine residues in various proteins. This process, termed “S-sulfhydration“ occurs at 

cysteine residues that are accessible for modification (at the protein surface or active site), 

and their thiol group is oxidized by the formation of disulfide bonds (proteinCys-S-S-R) 

(Nagy P. and Winterbourn C. C., 2010), sulfenic acid (proteinCys-S-OH) (Finkel T., 

2012), or the cyclic sulfenamide conformation (Krishnan N. et al., 2012). Several proteins 

are sulfhydrated, including the p65 subunit of the nuclear factor NF-кB (Sen N. et al., 

2012) and KEAP1, which regulates the Nrf2 transcription factor (Hourihan J. M. et al., 

2013). Notably, S-sulfhydration (Cys-S-SH) is more common than S-nitrosylation (Cys-S-

NO), which is a mechanism of another signaling molecule and gasotransmitter, NO. 
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Whereas S-sulfhydration is considered to increase and stabilize protein activity, S-

nitrosylation leads to the inhibition of protein function, as determined for glyceraldehyde 

3-phosphate dehydrogenase (GAPDH) (Mustafa A. K. et al., 2009) and the transcription 

factor NF- B (Sen N. et al., 2012). H2S and NO may act sequentially during the post-

translational modification of proteins and thus activate and subsequently inactivate 

proteins, respectively. However, a recent study showed that S-sulfhydration and S-

nitrosylation may act in the same manner, i.e., to inactivate enzymatic activity, as 

determined for the protein tyrosine phosphatase PTP1B (Krishnan N. et al., 2012). 

Furthermore, S-sulfhydration of SQR, which serves as the primary catabolic pathway for 

H2S (see above), does not regulate SQR function but transfers electrons from H2S to the 

inner mitochondrial membrane, thus improving the production of ATP and O2 

consumption. This positive effect of H2S on cellular bioenergetics is mediated by low H2S 

concentrations, while the inhibitory effect occurs at higher concentrations (above 20 µM) 

(Bouillaud F. and Blachier F., 2011; Lagoutte E. et al., 2010). Therefore, the concentration 

of H2S in mitochondria is a critical factor that dictates the regulation of mitochondrial 

function, which reveals the dual mode of H2S signaling in mitochondria. 

H2S is also a strong reducing agent that participates in the regulation of the redox 

balance by directly reacting with various reactive oxygen species (ROS) (Li Q. and 

Lancaster J. R., Jr., 2013). The resulting scavenging of free radicals modulates the redox 

balance in cells and protects them against oxidative stress (Carballal S. et al., 2011). 

Although these reactions appear to have low catalytic rates, the direct antioxidant 

properties of H2S depend on its concentration; thus, the significance of these reactions may 

increase at higher levels of H2S (Nagy P. and Winterbourn C. C., 2010). As noted above, 

H2S might also maintain the cellular redox balance by reducing disulfide bonds. The role 

of H2S in the maintenance of the redox environment is more complex. 

Another possible mechanism of H2S action is its role as a substrate for enzymatic 

reactions. CBS can utilize serine and sulfide to form cysteine at a low catalytic rate (see 

above, Figure 1) (Braunstein A. E. et al., 1971; Nozaki T. et al., 2001). This enzymatic 

activity has evolved from the plant and bacterial sulfur assimilation pathways (Kredich N. 

M. and Tomkins G. M., 1966), in which O-acetylserine(thiol)lyases (OAS-TL) utilize O-

acetylserine and sulfide to form cysteine; this reaction serves as a regulatory mechanism 

for plant H2S signaling (Hell R. and Wirtz M., 2011). Future studies will address the role 

of the serine sulfhydrylase activity mediated by CBS in H2S signaling in animals. 
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1.3 Role of H2S in hypoxia 

 

Various human disorders, such as ischemic heart disease and stroke, share common 

mechanisms relating to hypoxia. Mammals and other vertebrates respond to hypoxic 

conditions by the vasodilation of the peripheral arteries and the vasoconstriction of the 

pulmonary vessels, thus improving oxygen delivery to critical tissues. The change in 

oxygen concentration is monitored by O2-sensing tissues, which transduce the signal to 

elicit a physiological response. There are several hypotheses on how O2 sensing works 

(Sylvester J. T. et al., 2012). A decrease or an increase in the concentration of ROS during 

hypoxia leads to the depolarization of voltage-gated calcium channels and causes 

vasoconstriction/vasodilation. It is also hypothesized that the impairment of oxidative 

phosphorylation during hypoxia activates the AMP kinase, leading to the opening of the 

voltage-gated calcium channels. There is evidence that the decreased activity of heme 

oxygenase, which produces carbon monoxide, or nitric oxide synthase, which produces 

nitric oxide, is involved in acute O2-sensing and signaling.  

Notably, recent studies have proposed that H2S serves as an O2 sensor/transducer 

(Olson K. R. et al., 2006). This hypothesis is based on several observations: exposure to 

H2S mimics hypoxia, degradation of H2S is an O2-dependent process (the H2S 

concentration dramatically increases during anoxia), H2S production depends on O2 

availability (carbon monoxide produced by the O2-dependent heme oxygenase inhibits 

CBS activity (Morikawa T. et al., 2012)), and increased H2S production and hypoxia 

trigger identical responses (Olson K. R., 2013). However, it is not clear whether hypoxia 

and H2S function via the same pathway or whether these two factors operate in parallel or 

even sequentially to promote the hypoxia-mediated responses. For example, it is known 

that KATP channels that regulate the vasodilation of smooth muscle cells are modulated by 

both hypoxia and H2S, but the mechanism is unclear (Weir E. K. and Archer S. L., 1995; 

Zhao W. et al., 2001). Future studies on H2S signaling during hypoxic conditions will 

address this issue. 

Notably, the tissue damage caused by oxygen deprivation can be partially alleviated 

by repeated short-term hypoxia, suggesting that cells possess adaptation mechanisms that 

permit survival. The mechanisms responsible for these physiological responses are not well 

understood; nevertheless, the observed beneficial effects of H2S during hypoxia led to the 

hypothesis that H2S is important for the long-term protection against hypoxia. In rodents, 

exogenous H2S leads to a hibernation-like state (suspended animation) with decreased 
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metabolic rate and core body temperature (Blackstone E. et al., 2005), and it reduces 

oxygen demand; 20 minutes after exposure to H2S, the animals can survive many hours in 

a 5% oxygen atmosphere compared to animals that were not treated with H2S, which were 

able to survive only briefly. This effect protects animals from hypoxia and hemorrhage and 

diminishes ischemia-reperfusion injury (Blackstone E. and Roth M. B., 2007; Ganster F. et 

al., 2010). The proposed mechanism for the H2S-dependent decrease in oxygen demand is 

the H2S-mediated inhibition of COX, which decreases the generation of ROS in the 

mitochondria. In cultured rat cells and in the animal model organism C. elegans, H2S 

activates the hypoxia-inducible factor-1 (HIF-1) (Budde M. W. and Roth M. B., 2010; Liu 

X. et al., 2010), which is a crucial transcription factor for the adaptation to hypoxic 

conditions (Semenza G. L., 2000). However, the mechanism of this activation is unknown 

and requires further studies (see below). 

The role of H2S during hypoxia in mammals has a likely evolutionary basis. H2S 

played an important role during the evolution of life because it was the main energy source 

for lithotrophic organisms (Olson K. R., 2012). It appears that the ancient mechanism of 

utilizing H2S for electrons in bioenergetics was retained in higher animals for O2-

dependent H2S detoxification, signaling, and for the H2S-mediated regulation of 

mitochondrial function.  

 

1.4 Studies on H2S signaling in C. elegans  

 

Several studies have demonstrated that the exposure to H2S and the modulation of H2S 

metabolism increase the viability and survival of animals in otherwise lethal conditions, 

such as hypoxia, and oxidative and toxic stresses. H2S-induced changes in animal 

physiology have also been studied in invertebrate model organisms. For example, exposure 

to H2S increases the desiccation tolerance of fruit flies (Zhong J. F. et al., 2010). Studies 

have shown that the exposure of the nematode Caenorhabditis elegans to non-lethal 

concentrations of H2S increases its thermotolerance and prolongs its longevity (Miller D. 

L. and Roth M. B., 2007). The roundworm C. elegans is a popular model organism for 

studying animal physiology, developmental biology and signaling pathways due to its easy 

cultivation, low cost of maintenance, short generation time and genetic tractability. 

Consequently, in the past 5 years, C. elegans has been used as a model for studying H2S 

signaling and its physiological responses. 
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It was proposed that SIR-2.1, a homolog of the NAD+-dependent deacetylases, plays 

a role in prolonging the lifespan of C. elegans in response to H2S. Unlike the wild type 

strain, sir2.1 mutants do not have a prolonged lifespan during exposure to 50 ppm H2S 

(Miller D. L. and Roth M. B., 2007). H2S activates two transcription factors, namely, 

hypoxia-inducible factor 1 (HIF-1, the worm ortholog of the mammalian HIF-1α subunit) 

and skinhead 1 (SKN-1, the worm ortholog of the mammalian NRF2) (Miller D. L. et al., 

2011). HIF-1 and SKN-1 are responsible for alleviating hypoxic and other oxidative or 

xenobiotic stresses (An J. H. and Blackwell T. K., 2003). Because hif-1 or skn-1 mutant 

nematodes have significantly decreased 

lifespans (Hwang A. B. and Lee S. J., 

2011; Kell A. et al., 2007; Tullet J. M. 

et al., 2008), it is tempting to speculate 

that H2S prolongs the longevity of C. 

elegans via the activation of HIF-1 

and/or SKN-1. Consistent with this 

hypothesis is the finding that a 

component of garlic, diallyl trisulfide (a 

H2S donor) increases the lifespan of 

worms via skn-1 activation (Powolny 

A. A. et al., 2011). While the 

mechanism by which the H2S signals 

are transduced in the cells to activate 

SKN-1 is unknown, the mechanism of 

HIF-1-activation has been partially 

described. Nevertheless, the relationships between H2S and SIR2.1, HIF-1 and SKN-1, as 

well as the mechanisms by which they prolong the lifespan in C. elegans, remain to be 

determined. 

Figure 3. Hypoxia-mediated activation of HIF-1. In 
normoxic conditions, EGL-9 hydroxylates the proline 
residue of HIF-1, which permits the binding of the 
ubiquitin ligase VHL-1 to HIF-1, leading to the 
degradation of HIF-1. Hypoxia leads to sequestration 
of EGL-9 activity. EGL-9 also inhibits the 
transcriptional activity of HIF-1 via an unknown, 
VHL-1-independent pathway. H2S activates HIF-1 
independently of VHL-1. RHY-1, another regulator of 
HIF-1 activity, operates independently of VHL-1 and 
H2S. 
 

 

1.4.1 The role of H2S in HIF-1 signaling in C. elegans 

HIF-1 is a conserved transcription factor that is activated in cells during hypoxia. The 

depletion of oxygen impairs the activity of EGL-9, which is a conserved dioxygenase that 

is homologous to the mammalian EGLN protein family (Taylor M. S., 2001). EGL-9 

directly hydroxylates a proline residue of HIF-1, which permits the binding of the von 

Hippel-Lindau 1 (VHL-1) ubiquitin ligase that targets HIF-1 for proteasomal degradation 
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(Epstein A. C. et al., 2001) (Figure 3). Notably, hypoxia diminishes the hydroxylation of 

HIF-1 by vhl-1-dependent HIF-1 inhibition and inhibits HIF-1 transcriptional activity by a 

vhl-1-independent mechanism. There are two known regulators of this pathway in C. 

elegans- EGL-9 and RHY-1, which is a conserved transmembrane acyltransferase (Shao Z. 

et al., 2009; Shen C. et al., 2006). Intriguingly, the experiments with vhl-1 and egl-9 

mutants showed that the effect of H2S on HIF-1 is mediated by vhl-1-independent 

signaling (Budde M. W. and Roth M. B., 2010) (Figure 3). Exogenous H2S leads to the 

translocation of HIF-1 to the nucleus and promotes HIF-1 transcriptional activity in the 

hypodermis (Budde M. W. and Roth M. B., 2010). Notably, H2S and hypoxia result in 

different tissue-specific patterns of HIF-1 activation; hypoxia results in HIF-1 activation in 

the gut. The mutually exclusive roles of hypoxia and H2S and the relationship between 

EGL-9 and RHY-1 in HIF-1-regulation are not yet established. It is also unclear whether 

H2S-metabolizing enzymes can modulate the activation of HIF-1.  

 

1.4.2 H2S metabolism in C. elegans

Although H2S metabolism in C. elegans has not been studied, knowledge of the C. elegans 

genome sequence and expression studies has 

allowed the identification of genes encoding 

putative H2S-metabolizing enzymes in C. elegans. 

Intriguingly, a large number of genes encoding 

homologs of H2S-producing enzymes have been 

identified in the C. elegans genome (Mathew N. 

D. et al., 2011), namely, 10 genes encoding 

proteins homologous to CBS, 3 genes encoding 

homologs of CGL, and 7 genes encoding 

homologs of 3MST (Table 3). However, there are 

fewer genes that encode homologs of H2S-

catabolizing enzymes; 2 genes encode proteins 

homologous to SQR (sqrd-1 and sqrd-2), 1 gene 

encodes a homolog of ETHE1 (ethe-1), and 1 gene 

encodes a homolog of SOD (suox-1). Studies that 

investigated the genes responsible for the survival 

of C. elegans in otherwise lethal H2S 

Table 3. Genes encoding putative H2S-
producing enzymes in C. elegans 
Enzyme Gene name Sequence

cbs‐1  ZC373.1 
cbs‐2  F54A3.4
cysl‐1  C17G1.7
cysl‐2  K10H10.2
cysl‐3  R08E5.2
cysl‐4  F59A7.9
NA  F01D4.8 
NA  T25D3.3 
NA  T01H8.2 

CBS 

NA  F13B12.4 
cth‐1  F22B8.6
cth‐2  ZK1127.10CGL 
cbl‐1  C12C8.2
mpst‐1  D2023.5
mpst‐2  H12D21.4
mpst‐3  H12D21.7
mpst‐4  F11G11.9
mpst‐5  Y59H11AM.2
mpst‐6  Y59H11AM.3

3MST 

mpst‐7  R186.6

CBS, cystathionine beta-synthase;  
CGL, cystathionine gamma-lyase; 
3MST, 3-mercaptopyruvate sulfurtransferase 
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concentrations have identified sqrd-1, a HIF-1 target gene, as an essential factor for the 

survival of C. elegans (Budde M. W. and Roth M. B., 2010; Budde M. W. and Roth M. B., 

2011). Moreover, mutations in ethe-1 also decrease the resistance of C. elegans to H2S. 

These findings suggest that C. elegans cells have an oxidative pathway for the catabolism 

of H2S. However, it is not clear whether HIF-1 also triggers the expression of SQR in 

mammalian cells. While the catabolism of H2S appears to be conserved in C. elegans, the 

large number of genes encoding H2S-producing enzymes suggests that the metabolism of 

H2S is more complex; it is also not clear whether these paralogs have overlapping (H2S-

producing activity) or distinct roles in C. elegans biology. Thus, studying the roles of these 

genes might reveal novel aspects of H2S metabolism and signaling in animals and other 

evolutionarily distant organisms. 
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2. AIMS OF THE STUDY 

 

In contrast to other animals, the roundworm Caenorhabditis elegans possesses a large 

number of genes encoding putative H2S-producing enzymes, however, the role of these 

genes in C. elegans is unknown. In this Ph.D. project we aimed to study the genes that 

encode CBS-related proteins in C. elegans. Specifically, we aimed to determine the roles 

of these proteins in C. elegans and to understand our results in the context of the present 

knowledge on H2S signaling and metabolism.  

 

Specific aims: 

 

A) Characterization of the cystathionine beta-synthase in C. elegans 

- To determine which gene encodes CBS in C. elegans using phylogenetic analysis of the 

amino acid sequences, to determine the catalytic activity of the recombinant purified CBS 

proteins and study the biochemical and phenotypic consequences of inactivation of the 

CBS-encoding genes.  

- To determine the conserved structural features in the nematode and human CBS enzymes 

using in silico, biochemical and biophysical analyses and to discuss the potential use of C. 

elegans as a model for human CBS deficiency. 

 

B) Roles of the CBS-related proteins in C. elegans 

- To determine the biochemical properties of the CBS-related recombinant purified 

proteins, specifically, their catalytic activities, substrate binding affinities, and quaternary 

structures and conformations. 

- To propose the roles of the CBS-related proteins in C. elegans 

  

C) Novel aspects of H2S metabolism and signaling in the model system C. elegans  

- To discuss the role of CBS-related proteins in H2S metabolism and signaling, and 

propose future directions.  
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3. RESULTS AND DISCUSSION 

 

3.1 Characterization of cystathionine beta-synthase in C. elegans 

 

One goal of our project was to use the roundworm C. elegans to develop a novel CBS-

deficient model system that could be utilized for studying the pathogenetic mechanisms of 

CBS deficiency and/or the physiological actions of endogenously produced H2S. To 

accomplish our goal, we first identified the gene encoding the cystathionine beta-synthase 

in the C. elegans genome and examined its expression pattern. Next, we characterized the 

recombinant nematode CBS-1 enzyme by biophysical methods and determined its catalytic 

properties and conformation. Finally, we examined the effect of CBS deficiency by RNA 

interference in C. elegans. These data and a description of the materials and methods used 

in the study were published in the Biochemical Journal (Supplement 6.1.1). 

 

3.1.1 The cbs-1 gene encodes cystathionine beta-synthase in C. elegans  

We used several approaches to determine which gene encodes CBS in C. elegans. Our in 

silico, biochemical and genetic data showed that the cbs-1 gene encodes CBS in C. 

elegans.  

 

C. elegans possesses 6 candidate CBS-encoding genes  

BLASTp searches revealed that the C. elegans genome contains at least 10 genes encoding 

hypothetical proteins that are homologous to CBS. Analysis of the level of homology and a 

phylogenetic study showed that 2 of these proteins (CBS-1 and CBS-2) are the most 

homologous to CBS. Four other proteins, CYSL-1 - CYSL-4, were determined to be the 

most homologous to the plant OAS-TL enzymes, which are considered to be the ancestors 

of CBS. In the C. elegans database WormBase, 4 other hypothetical proteins are listed as 

CBS-related proteins; however an in silico alignment revealed that they have very low 

homology to CBS, and phylogenetic analysis revealed that these proteins constitute a novel 

class of proteins belonging to the β-family of PLP-dependent proteins. Therefore, we 

focused on the characterization of the genes encoding the CBS and OAS-TL proteins, 

while the remaining 4 genes, which are unlikely to encode CBS proteins in C. elegans, 

were excluded from further studies. Nevertheless, it would be interesting to elucidate the 

roles of these 4 proteins in C. elegans to expand the functional divergence of proteins 

belonging to the family of CBS-related proteins.  
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cbs-2 and cysl-4 are pseudogenes  

We analyzed the transcriptional activities of all 6 putative CBS-encoding genes in C. 

elegans, namely, cbs-1, cbs-2, cysl-1, cysl-2, cysl-3 and cysl-4. First, we used various C. 

elegans cDNA molecules as templates to amplify the transcripts by PCR. Four mRNAs 

(cbs-1, cysl-1, cysl-2 and cysl-3) were 

successfully amplified and sequenced 

to confirm their identity with the 

sequences deposited in the C. elegans 

database, WormBase. On the other 

hand, we were unable to amplify the 

cbs-2 and cysl-4 mRNAs. Next, we 

searched the online databases 

GenBank and PeptideAtlas for 

evidence that these genes are 

expressed. Consistent with our PCR 

data, we found ESTs and peptide data 

for the cbs-1, cysl-1, cysl-2 and cysl-3 

genes, but not for cbs-2 and cysl-4. 

These data suggest that cbs-2 and cysl-

4 are not expressed in C. elegans, and 

these genes were excluded from 

further studies. 

Figure 4. Analysis of the cystathionine-synthesizing 
activities of the worm CBS-related proteins. A) 
TLC analysis of canonical CBS activity condensing 
serine and homocysteine into cystathionine. B) TLC 
analysis of the H2S-producing activity of CBS, which 
condenses cysteine and homocysteine into 
cystathionine. Only CBS-1 condenses serine or 
cysteine with homocysteine to form cystathionine and 
water or sulfide, respectively. Amino acids were 
detected by ninhydrin. Lane X represents reaction 
mixture without enzyme. 

 

Only CBS-1 exhibits CBS activity 

Next, we studied the catalytic activities of the 4 CBS-related proteins that are expressed in 

C. elegans, namely, CBS-1, CYSL-1, CYSL-2 and CYSL-3. We used a bacterial system to 

express and purify the recombinant proteins. We purified 1-3 mg of each protein to greater 

than 90% homogeneity, from 1 liter of bacterial culture. All 4 CBS-related proteins possess 

the cofactor pyridoxal-5’-phosphate (PLP), as determined by UV-visible absorption 

spectroscopy. We determined that only CBS-1 exhibits typical CBS activity and that it 

condenses either serine or cysteine with homocysteine to form cystathionine and water or 

sulfide, respectively (Figure 4). These data strongly suggested that CBS-1 is the only 

 - 30 -



protein that exhibits CBS activity in C. elegans and that the other CBS-related proteins, 

namely, CYSL-1, CYSL-2 and CYSL-3 have other roles in C. elegans biology. 

 

CBS-1 maintains homocysteine homeostasis in C. elegans 

To examine the phenotypic and biochemical effects of cbs-1 deficiency in nematodes, we 

performed RNA interference to silence the cbs-1 gene. The cbs-1 knockdown animals had 

approximately 10% CBS activity and exhibited elevated homocysteine levels, which is a 

typical feature of CBS deficiency in mammals (Kraus J. P. and Kožich V., 2001). 

Moreover, we observed severe developmental and morphological effects that might, in 

part, recapitulate the pathogenesis of human CBS deficiency (see below). These data 

support our previous findings that cystathionine beta-synthase is encoded by the cbs-1 gene 

in C. elegans. 

 

3.1.2 C. elegans as a model for CBS deficiency 

The use of C. elegans as a model for CBS deficiency requires the knowledge of the 

regulation of the nematode CBS enzyme. In animals, CBS is a modular protein with 

catalytic and regulatory domains. The structural arrangement of these domains, which is 

crucial for the allosteric regulation of CBS activity, differs in various species. To study 

whether the structure of the worm protein is conserved with the human enzyme, we used in 

silico analysis and studied the enzymatic, biochemical and biophysical properties of 

specific CBS-1 domains. Our data revealed the completely novel arrangement of the CBS 

enzyme domains, which has not been observed for CBS proteins in any other species. 

These data suggest that the regulation of the CBS enzyme is altered in C. elegans in 

comparison with mammals. The use of C. elegans as a model for CBS deficiency might 

elucidate the roles of the catalytic and regulatory domains of the CBS enzyme in the 

pathogenic mechanisms of the nematode and mammalian CBS deficiency.   

 

C. elegans lacks the canonical animal mechanisms that regulate the CBS enzyme activity 

The alignment of the amino acid sequences of CBS proteins across phyla revealed the 

unique structural arrangement of the nematode enzyme (Figure 5). We observed that CBS-

1 possesses 2 regions that are homologous to the catalytic domain in other CBS proteins. 

Notably, the critical lysine residue responsible for the covalent binding of PLP to the 

protein is conserved only in the C-terminal region, whereas, in the N-terminal region this 

residue is replaced by glutamic acid. This observation suggested that the catalytic domain 
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is encoded in the C-terminal region. The N- and C-terminal domains were expressed 

separately, and the N-terminal domain was successfully purified and found to exhibit 

neither CBS activity nor PLP-binding. However, the C-terminal domain was not soluble 

after expression in E. coli, suggesting that the N-terminal domain is essential for the 

correct CBS-1 conformation 

and/or folding. Moreover, the 

experiments evaluating the 

quaternary protein structure 

suggested that CBS-1 is a 

monomeric protein, while its 

orthologs form homodimeric 

and higher oligomeric 

structures (Jhee K. H. et al., 

2000; Meier M. et al., 2001). 

Thus, we concluded that the 

two domains of monomeric 

CBS-1 might recapitulate the dimeric conformation of CBS enzymes in other phyla, with 

the N-terminal domain stabilizing the CBS-1 protein. Nevertheless, the exact role of the N-

terminal domain of CBS-1 remains to be determined.  

Figure 5. Structural arrangement of the CBS subunits in 
mammals and nematodes. The mammalian enzyme contains a 
heme-binding domain and a Bateman domain. Carbon 
monoxide (CO) or S-adenosylmethionine (AdoMet) can bind to 
the heme and Bateman domains to inhibit or activate CBS, 
respectively. The nematode ortholog lacks both of these 
domains but contains two regions homologous to the catalytic 
domain of the mammalian enzyme. The N-terminal domain 
does not bind PLP and is catalytically inactive. 

We showed that CBS-1 does not possess the heme-binding and Bateman domains 

that are essential for the regulation of CBS activity in other animals (Figure 5). Heme can 

bind carbon monoxide, which inhibits CBS activity (Shintani T. et al., 2009; Singh S. et 

al., 2007) while the Bateman domain binds S-adenosylmethionine (Kery V. et al., 1998) 

which is a known activator of CBS. Thus, we conclude that the nematode protein is not 

regulated in the same manner as the mammalian enzyme.  

 

The use of C. elegans to study the pathogenic mechanisms in CBS deficiency 

We showed that the RNA interference-mediated silencing of cbs-1 leads to several 

phenotypic changes. We observed a developmental delay in the knockdown animals, 

which is consistent with previous reports that the exposure to homocysteine leads to a 

developmental delay in C. elegans (Khare S. et al., 2009). These data suggest that the 

elevated homocysteine level in cbs-1 knockdown animals is the major cause of this 

phenotype. We also observed the abnormal morphology of several tissues, such as the 

intestine and pharyngeal muscle cells. Consistent with this observation, the cbs-1 gene is 
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expressed mostly in these tissues, as determined using a GFP reporter. Therefore, we 

concluded that studies of such phenotypic changes might lead to the discovery of novel 

pathogenic mechanisms in human CBS deficiency.  

Unlike the human CBS protein, the nematode enzyme lacks the regulatory domains 

for binding to carbon monoxide or S-adenosylmethionine. Thus, the common pathological 

processes resulting from CBS deficiency in C. elegans and mammals might be associated 

with the impairment of the canonical catalytic activity of the CBS enzyme and not the 

decreased ability of the CBS enzyme to bind either carbon monoxide or S-

adenosylmethionine. In addition, the role of decreased H2S production in the pathogenic 

mechanisms of CBS deficiency can also be studied using C. elegans as a model system 

(see below). 

 

3.2 Roles of the C. elegans CBS-related proteins (OAS-TL) 

 

Because the 3 CBS-related proteins did not exhibit CBS activity, we used phylogenetic 

analysis to explore their evolutionary counterparts in other phyla and to predict their in 

vivo functions. This analysis revealed that the C. elegans paralogs constitute a novel class 

of O-acetylserine(thiol)lyases (OAS-TL) with the highest homology to their plant 

orthologs. These data suggest that the genes encoding the worm and plant orthologs 

evolved from a common ancestor that was duplicated in the nematode genome. 

Consequently, all purified proteins were analyzed for the structural and catalytic properties 

that were observed previously in plant OAS-TL enzymes. Together with previous studies, 

our data show that these proteins have distinct roles in C. elegans. These data were 

published in the journal BBA- Proteins and Proteomics (Supplement 6.1.2). In addition, a 

paper on the specific role of CYSL-1 was published in the journal Neuron (Supplement 

6.1.3). Both publications contain descriptions of all materials and methods used in these 

studies. 

 

3.2.1 All the nematode OAS-TL proteins can bind and metabolize O-acetylserine 

We determined that all the nematode OAS-TL proteins bind the canonical substrate, O-

acetylserine, and convert it to α-aminoacrylate by a β-replacement reaction. All 3 proteins 

subsequently utilize sulfide or cyanide as a secondary substrate to produce cysteine or β-

cyanoalanine, respectively. The production of cysteine from O-acetylserine occurs in the 

sulfur assimilation pathway, exclusively in plants and bacteria (Hell R. and Wirtz M., 
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2011; Kredich N. M. and Tomkins G. M., 1966). In contrast, C. elegans lacks serine O-

acetyltransferase (SAT), the enzyme that produces O-acetylserine. Therefore, it is unlikely 

that the nematode OAS-TL proteins utilize O-acetylserine for sulfur assimilation to 

biosynthesize cysteine parallel to the transsulfuration pathway. We propose that these 

proteins have different roles in C. elegans (see below). Nevertheless, there is a possibility 

that C. elegans may obtain traces of O-acetylserine from food (bacteria), and we 

hypothesize that O-acetylserine might regulate the in vivo function of these proteins by 

binding to their active sites.  

 

3.2.2 The C. elegans OAS-TL paralogs exhibit different conformations 

In contrast to CBS-1, the 3 nematode CBS-related proteins possess only one region 

conserved with the catalytic domain of other CBS enzymes. We determined that all 3 C. 

elegans OAS-TL enzymes exist predominantly as dimers and thus have the same structural 

arrangement and oligomeric status as their plant or bacterial orthologs (Becker M. A. et al., 

1969; Bonner E. R. et al., 2005). However, we observed that these paralogs exhibit 

different kinetic behaviors and conformations relative to each other, as revealed by 

different retention times during electrophoretic and gel filtration procedures under non-

denaturing conditions. Furthermore, molecular dynamic simulations suggested that the 

nematode OAS-TL paralogs differ in their conformations during catalysis. These findings 

suggested that the C. elegans OAS-TL paralogs have distinct functions in cells. 

 

3.2.3 The C. elegans OAS-TL paralogs have distinct roles in C. elegans

Combined with data from other studies, our in silico, genetic, biochemical and 

physiological data revealed that the nematode OAS-TL paralogs have distinct roles in the 

nematodes.  

 

CYSL-1 transduces H2S signals to activate HIF-1 in response to hypoxia  

We determined that the recombinant CYSL-1 protein exhibits O-acetylserine sulfhydrylase 

activity, and previous studies have suggested that this activity can be crucial for alleviating 

sulfide toxicity in nematodes, as determined by the screening of C. elegans mutants 

(Budde M. W. and Roth M. B., 2011). However, genetic screens to identify novel 

regulators of the EGL-9/HIF-1 pathway identified the cysl-1 gene as a suppressor of egl-9. 

These screens showed that RHY-1 inhibits CYSL-1, which then inhibits EGL-9. Thus, 

CYSL-1 activates HIF-1, which modulates animal behavior and alleviates sulfide and 
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cyanide toxicity in C. elegans. Notably, the enzymatic activity of CYSL-1 does not play a 

role in the inhibition of EGL-9. In fact, we determined that the nematode CYSL-1 protein 

interacts (via its active site) with the C-terminus of EGL-9, leading to the sequestration of 

EGL-9 and the subsequent activation of HIF-1. Furthermore, the CYSL-1/EGL-9 

association is enhanced by exposure to H2S. However, the exact mechanism by which H2S 

activates CYSL-1 remains to be determined.  

Intriguingly, this mechanism of interaction evolved from the ancient regulation of 

cysteine biosynthesis in bacteria and plants (Figure 6). The OAS-TL enzymes in these 

species interact with the C-terminus of serine acetyltransferase (SAT), which leads to the 

inhibition of OAS-TL activity (Hell R. and Wirtz M., 2011). H2S activates the formation of 

this plant cysteine synthase complex and the nematode CYSL-1/EGL-9 complex. Previous 

studies have shown that O-

acetylserine, the canonical 

substrate of the OAS-TL 

enzymes, may dissociate the 

cysteine synthase complex, 

demonstrating its regulatory 

role in plants (Wirtz M. et 

al., 2004). Because we 

observed that the affinity of 

CYSL-1 for O-acetylserine 

is very high compared to its 

paralogs, we hypothesized 

that O-acetylserine might 

compete with the EGL-9 C-

terminus for binding to the 

active site of CYSL-1 and 

thus might regulate HIF-1 

signaling. Consistent with this hypothesis is the observation that the HIF-1 activation is 

dependent on food availability (which is proposed source of O-acetylserine in C. elegans) 

(Chen D. et al., 2009). Further studies will be needed to understand this complex 

regulatory network. 

Figure 6. The role of the nematode CYSL-1 evolved from an 
interacting mode of cysteine synthase complexes in plants 
(microorganisms). The plant OAS-TL and serine O-
acetyltransferase (SAT) interact to regulate cysteine biosynthesis in 
the sulfur assimilation pathway. The nematode CYSL-1 and EGL-9 
interact to regulate HIF-1 activity. Both protein interactions are 
enhanced by H2S. O-acetylserine (OAS) dissociates the protein 
complex in plants and possibly in nematodes. 
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CYSL-2 functions as a cyanoalanine synthase in the cyanide detoxification pathway 

We determined that the recombinant CYSL-2 protein catalyzes various β-replacement 

reactions. It can utilize O-acetylserine, S-sulfocysteine and cysteine as primary substrates 

and condense them with sulfide or 

cyanide to form cysteine or beta-

cyanoalanine, respectively. CYSL-2 is 

the sole CBS-related protein in C. 

elegans that can utilize cysteine to 

detoxify cyanide, using its cyanoalanine 

synthase (CAS) activity (Figure 7). This 

activity of CYSL-2, which is utilized 

for cyanide detoxification in plants and 

bacteria (Hell R. and Wirtz M., 2011), 

is consistent with studies showing that cysl-2 mutants exhibit a decreased ability to survive 

exposure to cyanide and cyanide-producing bacteria, while the mutants with up-regulated 

cysl-2 exhibit increased survival compared to the wild-type strain (Budde M. W. and Roth 

M. B., 2011; Saldanha J. N. et al., 2013). Furthermore, cysl-2 is a HIF-1 target gene that 

can be upregulated via HIF-1 activation during exposure to cyanide or cyanide-producing 

bacteria (Budde M. W. and Roth M. B., 2011; Shao Z. et al., 2010). Thus, it is likely that 

CYSL-2 serves as the cyanoalanine synthase in the cyanide detoxification pathway. 

Figure 7. CYSL-2 exhibits cyanoalanine synthase 
activity. The cyanoalanine synthase activities of the
nematode CBS-related proteins were analyzed. TLC 
analysis showed that only CYSL-2 utilizes cysteine 
and cyanide to form β-cyanoalanine. Amino acids were 
detected by ninhydrin. Lane X represents reaction 
mixture without enzyme. 

 

The role of CYSL-3 is unclear 

Although our data show that CYSL-3 exhibits canonical β-replacement activities, its 

function in C. elegans is unclear and remains to be explored. Because CYSL-3 does not 

exhibit CBS or CAS activity and does not interact with the EGL-9 C-terminus, the role of 

CYSL-3 is distinct from its paralogs in C. elegans. Kinetic analysis revealed that CYSL-3 

has a high affinity for sulfide. We determined that apart from O-acetylserine, CYSL-3 also 

binds to S-sulfocysteine and converts it to thiosulfate. These data suggest a role for CYSL-

3 in maintaining the homeostasis of sulfide or S-sulfocysteine. Notably, in silico analysis 

revealed that in comparison with the CYSL-3 paralogs and orthologs, the CYSL-3 active 

site possesses a novel amino acid in the conserved substrate-binding motif. Thus, we 

hypothesize that in C. elegans, CYSL-3 possesses a different catalytic activity and utilizes 

a novel primary substrate other than O-acetylserine or S-sulfocysteine. We cannot exclude 
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the possibility that CYSL-3 functions as an interacting partner similar to CYSL-1. 

Additional functional studies are necessary to address the role of CYSL-3 in C. elegans. 

 

3.3 Novel aspects of H2S signaling and metabolism in C. elegans 

 

We determined that the CBS-related proteins play distinct roles in H2S metabolism and/or 

signaling (Figure 8). The contribution of our findings to the understanding of H2S 

metabolism and signaling in C. elegans was summarized and published as a review in the 

journal General Physiology and Biophysics (Supplement 6.1.4).  

 

The nematode model of CBS deficiency 

We determined that the nematode protein CBS-1 and its human ortholog produce H2S from 

cysteine. We concluded that cbs-1 knockdown in worms would be a promising model to 

study the roles of H2S in the pathogenesis of CBS deficiency. However, there is no 

currently available C. elegans strain 

with a deletion of the CBS gene, and 

RNA interference of the cbs-1 gene 

is not convenient and reproducible. 

However, there are 10 currently 

available C. elegans strains that 

carry various missense mutations 

(www.cgc.cbs.umn.edu), and the 

CBS activities in these strains are 

being analyzed. We expect that 

further studies utilizing cbs-1 

knockdown worms will elucidate the 

conserved aspects of H2S signaling 

and its role in various physiological 

and pathological processes.  

Figure 8. The proposed role of the nematode CBS-
related proteins in H2S metabolism and signaling. 
CBS-1 serves as a cystathionine beta-synthase that 
produces hydrogen sulfide (H2S), CYSL-1 serves as a 
regulator of EGL-9 upon increase in the level of H2S, 
CYSL-2 serves as a cyanoalanine synthase to produce 
H2S, and CYSL-3 exhibits sulfhydrylase activity in vitro 
but its role in C. elegans remains to be determined. 

 

The roles of H2S and hypoxia in HIF-1 signaling in C. elegans 

 The incubation of nematodes in environments with nonlethal concentrations of H2S is 

associated with C. elegans longevity (Miller D. L. and Roth M. B., 2007). H2S is a known 

activator of HIF-1, which is crucial for the prolonged lifespan of C. elegans (Zhang Y. et 
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al., 2009). In our study we clarified the mechanism by which H2S activates HIF-1 in C. 

elegans, and we described the combinatorial effect of H2S and HIF-1 on the nematode 

lifespan. We showed that CYSL-1, which is the specific regulator of EGL-9, transduces 

H2S signals in the cells to activate HIF-1, which is a typical animal transcription factor 

(Semenza G. L., 2000). Previous studies have shown that exogenous sources of H2S, such 

as NaSH, can also activate HIF-1 in cultured rat cells (Liu X. et al., 2010). However, there 

is no evidence that the CYSL-

1/EGL-9 mechanism that promotes 

HIF-1 activity is conserved in other 

evolutionarily distant animals; the 

EGL-9 orthologs lack the C-

terminus that is essential for the 

interaction with CYSL-1, and OAS-

TL enzymes have not been found in 

other animals. Nevertheless, all 

known components of the HIF-1 

pathway are conserved, and we 

hypothesize that human CBS may 

play a role in HIF-1 signaling 

similar to its homolog CYSL-1 but 

by a different mechanism; for 

example, CBS in mammals (the 

CYSL-1 ortholog) can inhibit 

EGLN (the EGL-9 ortholog) via 

H2S production or via utilization of H2S for serine sulfhydrylase activity (see above).  

Figure 9. CYSL-1 transduces H2S signals during 
hypoxia to activate HIF-1. RHY-1, an ortholog of the 
human acyltransferase, inhibits CYSL-1 by an unknown 
mechanism. Upon receiving the H2S signal, CYSL-1 
interacts via its active site with the C-terminus of EGL-9. 
This interaction sequesters EGL-9, and thus during 
hypoxia, EGL-9 cannot inhibit HIF-1 by vhl-1-dependent 
or vhl-1-independent pathways.  
 

Hypoxia and H2S are responsible for the activation of HIF-1 (Jiang H. et al., 2001). 

Because we observed that CYSL-1 operates during hypoxia and during exposure to 

hydrogen sulfide, we concluded that CYSL-1 acts as a sensor of hypoxia through the 

transmission of the H2S signal, which increases during hypoxia (see above). We propose 

that hypoxia works in parallel with H2S to activate HIF-1 via VHL-1-dependent and VHL-

1-independent mechanisms (Figure 9). Notably, there are contradictory reports on the H2S-

mediated effects on HIF-1 activity during hypoxic conditions. There is evidence that the 

exogenous H2S leads to HIF-1 accumulation and expression of the HIF-1 target gene 

VEGF in hypoxic cells, which is an effect that can be mimicked by CoCl2 (Liu X. et al., 
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2010). On the other hand, it was reported that H2S inhibits the mammalian HIF-1 

production and increases the VHL-1-dependent HIF-1 degradation in hypoxic cultured 

human and rat cells (Kai S. et al., 2012; Wu B. et al., 2012). Thus, H2S inhibits the 

expression of VEGF, leading to the impaired angiogenic activity of vascular endothelial 

cells during hypoxia (Wu B. et al., 2012). These apparent contradictions in the H2S-

mediated HIF-1 signaling during hypoxia must be explained in future studies.  

 

The cyanoalanine synthase CYSL-2 is a novel H2S-metabolizing enzyme in animals 

In C. elegans, HIF-1 activation is associated with strong upregulation of the cysl-2 gene 

(Shen C. et al., 2005). We showed that CYSL-2 functions as a cyanoalanine synthase to 

detoxify cyanides and releases H2S in C. elegans. Cyanoalanine synthases have previously 

been found only in bacteria and plants (Hatzfeld Y. et al., 2000). Our data clearly 

demonstrates that unlike mammals, C. elegans possesses 4 different enzymes that produce 

H2S de novo – cystathionine beta-synthase, cystathionine gamma-lyase, 3-

mercaptopyruvate sulfurtransferase and cyanoalanine synthase. These data also 

demonstrate that some roundworms may possess metabolic enzymes that are typical of 

plants and bacteria. There is no evidence that the OAS-TL proteins are conserved in other 

animals, but previous studies suggest that some insects also utilize a CAS activity to 

detoxify cyanide (Ogunlabi O. O. and Agboola F. K., 2007; Stauber E. J. et al., 2012). 

These findings strongly suggest that the OAS-TL enzymes might be conserved in animals 

that are evolutionarily distant from nematodes.  

Previous data showed that cysl-2 is also strongly upregulated during hypoxia and 

upon exposure to H2S (Miller D. L. et al., 2011; Shen C. et al., 2005). Our data show that 

CYSL-2 can produce H2S and utilize H2S as a substrate in enzymatic reactions similar to 

the CBS enzymes (see above). Therefore, we hypothesize that when the H2S concentration 

increases (for instance, during hypoxia), CYSL-2 maintains the H2S homeostasis in C. 

elegans and is directly involved in the H2S signaling. These hypothetical functions of 

CYSL-2 require further investigation.  

 

Final remarks 

Our data show that the metabolism of H2S in C. elegans is much more complex than in 

mammals; C. elegans possesses the novel H2S-producing enzyme cyanoalanine synthase, 

many copies of genes that encode the conserved H2S-producing enzymes, and genes that 

encode the OAS-TL proteins with sulfhydrylase activities. Although we hypothesize that 
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the OAS-TL genes do not function in the sulfur assimilation pathway, unlike their plant or 

microbial orthologs, the OAS-TL genes may play a role in catabolizing H2S. We 

hypothesize that the nematode OAS-TL genes evolved during the Permian-Triassic 

extinction event, approximately 250 million years ago for adaptation to the increased H2S 

levels in the environment (Grice K. et al., 2005). Our findings also suggest that the 

interaction mechanism of CYSL-1 has been co-opted from the ancient metabolic functions 

of OAS-TL enzymes to utilize high levels of H2S for the protection of nematodes from 

hypoxic conditions. We also hypothesize that the additional duplication of these genes in 

nematodes increased their resistance to the omnipresent cyanogenic species. It will be 

interesting to see if future studies will discover similar or identical functions of the CBS-

related proteins in other evolutionarily distant animals or if these functions are unique to 

nematodes. 
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4. CONCLUSIONS 

 

We have determined that the Caenorhabditis elegans CBS-related proteins have distinct 

roles. We discovered the gene that encodes the CBS enzyme in C. elegans. We show that 

the nematode protein CBS-1 exhibits a canonical activity that is mediated by a conserved 

catalytic domain, but it has a unique structural arrangement and lacks the typical regulatory 

domains present in its animal orthologs. We observed several biochemical and 

morphological changes in C. elegans due to CBS deficiency. Our data show that C. 

elegans can be used as a novel model organism to study the pathological mechanisms of 

CBS deficiency. 

We identified a phylogenetically novel family of O-acetylserine(thiol)lyases (OAS-

TL), which are newly characterized animal orthologs of the corresponding plant and 

bacterial enzymes, and we studied their specific functions in C. elegans. We showed that 

C. elegans possesses a cyanide detoxification pathway that is mediated by the activity of 

CYSL-2, which had previously been observed only in plants and bacteria. We determined 

that, in contrast to other animals, C. elegans possesses 4 enzymes that produce H2S, and 

we proposed that S-sulfocysteine might be a novel endogenous substrate for these proteins 

in other species. We hypothesized that the roundworm C. elegans does not utilize O-

acetylserine from the sulfur assimilation pathway to produce cysteine, but it may utilize O-

acetylserine in low concentrations from food to regulate OAS-TL functions. 

We elucidated one of the H2S-signaling pathways in C. elegans. We characterized 

that the specific role of CYSL-1 in this pathway is the regulation of HIF-1 activity. CYSL-

1 utilizes an evolved mechanism from the ancient regulation of the sulfur assimilation 

pathway in plants and bacteria. We also described the connection between high 

concentration of H2S and low concentration of O2 in the increased resistance of nematodes 

to toxic agents and stressors. 

We reported the differences between the CBS-related proteins in C. elegans and 

showed that the OAS-TL genes in the nematode genome did not arise from the duplication 

of the CBS gene in nematodes but from a common ancestor shared with the plant OAS-TL 

genes. These data are consistent with the hypothesis that the OAS-TL genes evolved to 

protect animals from hypoxia and increasing H2S concentrations in the environment. Our 

data show that the metabolism of H2S is much more complex in roundworms than in 

mammals and suggest that the roundworms use their own signaling mechanisms for 

protection against hypoxic conditions. 
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5. ABBREVIATIONS 

3MST  3-Mercaptopyruvate SulfurTransferase 

ATP  Adenosin TriPhosphate 

CAS  CyanoAlanine Synthase 

CAT  Cysteine AminoTransferase 

CBS  Cystathionine Beta-Synthase 

CGL  Cystathionine Gamma-Lyase 

CO  Carbon monOxide 

COX  Cytochrom c OXidase 

CYSL  CYsteine Synthase-Like 

EGL  EGg Laying defective (Prolin hydroxylase) 

ETHE1 ETHylmalonic Encephalopathy 1 (Sulfur dioxygenase) 

GAPDH GglycerAldehyde 3-Phosphate DeHydrogenase 

H2S  Hydrogen Sulfide 

HIF  Hypoxia-Inducible Factor 

NO  Nitric Oxide 

OAS-TL O-AcetylSerine(Thiol)Lyase 

PCR  Polymerase Chain Reaction 

PLP  PyridoxaL 5-Phosphate 

RHY  Regulator of HYpoxia-inducible factor 

ROS  Reactive Oxygen Species 

SAT  Serine AcetylTransferase 

SIR-2.1 Yeast SIR related  

SQR  Sulfide:Quinone oxidoReductase 

SOD  Sulfite OxiDase 

TSMT  Thiol S-MethylTransferase 

TST  Thiosulfate SulfurTransferase 

VEGF  Vascular Endothelial Growth Factor 

VHL  Von Hippel-Lindau (Ubiquitin ligase) 
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Supplemental Figure 1: Amino acid alignment of OAS-TL proteins from Arabidopsis  thaliana and 
Caenorhabditis elegans. Nematode orthologs lack the initial sequence targeting the plant proteins to 
chloroplasts or mitochondria. OASS, O-acetylserine sulfhydrylase; CAS, cyanoalanine synthase; DES, 
cysteine desulfhydrase; SSCS, S-sulfocysteine synthase. 

 

 

 

 

 
Supplemental Figure 2. Phylogenetic analysis of nematode OAS-TL proteins. Four significant protein 
branches are evident: the CYSL-1 group is shown in red, CYSL-2 in green, CYSL-3/CYSL-4 in blue and 
proteins from P. pacificus in black. The CYSL-3 and CYSL-4 families are on the same branch. CBG, C. 
briggsae; CRE, C. remanei; CBN, C. brenneri; CJP, C. japonica; PPR, P. pacificus; ASU, A. suum. 
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Supplemental Figure 3. Spectroscopic analysis of substrate binding affinities. The absorbance at 470 nm 
was recorded and subsequently analyzed using the equation for one-site-specific binding with the Hill slope. 
A) CYSL-1 with O-acetylserine. B) CYSL-2 with O-acetylserine. C) CYSL-3 with O-acetylserine. D) 
CYSL-2 with Cysteine. E) CYSL- with S-sulfocysteine. F) CYSL-3 with S-sulfocysteine. 
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Supplemental Figure 4. Kinetic behavior of nematode OAS-TL proteins. The curves were plotted 
through allosteric sigmoidal fitting to evaluate Hill constants; to allow better comparison of substrate 
kinetics, the product values were calculated to be limited to 100 arbitrary units (a.u.). The graphs on the left 
show the kinetics of the primary substrates, while the graphs on the right show the kinetics of the secondary 
substrates. 
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Supplemental Figure 5. Time development of the root mean square deviation (RMSD) of C-alpha 
atoms from the initial structure during a molecular dynamics simulation. All atoms are shown in black, 
chain A (subunit X) in red and chain B (subunit Y) in blue. 
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Supplemental Figure 6. Pairwise homologous levels of various OAS-TL proteins across phyla. The 
numbers represent pairwise scores indicating the percentage of homology. It is evident that the group of 
nematode orthologs is most homologous to the plant OAS-TL proteins. At, A. thaliana; Gm, G. max; Ec, E. 
coli; St, S. typhimurium; Sc, S. cerevisiae; Tc, T. cruzi; Ce, C. elegans; Dm, D. melanogaster; Hs, H. sapiens. 
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Figure S1. C. elegans locomotive behavioral response to O2 and associated behavioral 
plasticity, Related to Figure 1  
(A) schematic illustration of the experimental set-up for measurements of C. elegans locomotive behavioral 
responses to changes in O2 levels. (B) Measurements of turning angle changes during the behavioral session, 
showing the increased frequency of turning (local radial search) during the O2-OFF response and the 
decreased frequency of turning (forward acceleration) during the O2-ON response. (C) Behavior of wild-type 
hermaphrodites on Petri plates without bacteria. (D) Behavior of Hawaiian strain CB4856 animals. (E) 
Behavior of wild-type hermaphrodites in response to 5% O2 restoration after anoxia. (F) Behavior of wild-
type hermaphrodites in response to 10% O2 restoration after anoxia. (G) Behavior of wild-type 
hermaphrodites after grown under 10% O2 for 24 hrs followed by 2 hrs recovery in room air, to control for 
potential effects of CO2 deprivation or for dehydrating effects of the hypoxic chamber. (H) Behavior of wild-
type hermaphrodites in response to mock gas transitions, i.e. with 20% O2 instead of 0% O2 from the minute-
2 to the minute-6 of the behavioral session, to control for potential effects of CO2 deprivation or for 
dehydrating effects of the continuous gas flow. (I) Behaviors of animals with different recovery durations 
after 24 hr hypoxia experience. (J) Behaviors of animals with different durations of hypoxia exposure. (K) 
Individual traces for 26 animals with continuous uninterrupted paths during the 30 second intervals before 
and after the return of O2 from Figure 1A. (A worm's path can be truncated if it moves out of the field-of-
view or collides with another worm.) Of these 26 traces, 23 show an apparent increase in speed after O2 was 
restored. The instantaneous speed of each animal over time is plotted as a different color, and traces are 
stacked for clarity. (L) Behavior of wild-type animals showing locomotive acceleration in response to 366 
nm UV stimuli after being cultured under 0.5% O2 for 24 hrs followed by 2 hrs recovery in room air. Unlike 
the O2-ON response, the acceleration in response to UV stimuli is not suppressed by experience of hypoxia. 
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Figure S2. Genes and cells potentially involved in the O2-ON response, Related to Figure 1  
(A) Behavior of animals with egl-9 alleles n571 and n586, showing defective O2-ON responses. (B-E) 
Behavior of gcy-31, gcy-33, gcy-35, and gcy-36 null mutants, showing normal O2-ON responses. (F) 
Behavior of vhl-1 null mutants, showing partially defective O2-ON response. (G) Behavior of tph-1 null 5  
mutants, showing a normal O2-ON response. (H) Behavior of qaIs2241 [Pgcy-36::egl-1(+), Pgcy-35::GFP, 
lin-15(+)] animals with apoptotic cell deaths of AQR, PQR and URX neurons, in which the gcy-36 promoter 
is activated, showing a normal O2-ON response. (I) Behavior of mbk-1 null mutants, showing normal O2-ON 
response. (J) Behavior of swan-1 null mutants, showing normal O2-ON response. 
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Figure S3. RHY-1 is essential for HIF-1 regulation of K10H10.2 and the O2-ON response, Related to 
Figure 2.  
(A) schematic of the rhy-1 gene, showing mutations and a rescuing genomic fragment. (B) Fluorescence 
micrograph and Nomarski image showing reporter GFP expression driven by the K10H10.2 promoter in rhy-
1(n5500) mutants. myo-2::mCherry was used as the co-injection marker. The rol-6 dominant marker was 
used to better reveal GFP expression in hypodermal tissues. (C) Predicted secondary structure of RHY-1 with 
ER membrane-spanning regions. (D) RNAi against rhy-1 phenocopied the n5500 allele in inhibiting the O2-
ON response. (E) Fluorescence micrograph showing K10H10.2::GFP expression of mutants with a rhy-1 
deletion allele. myo-2::mCherry was used as the co-injection marker. (F) Behavior of rhy-1 mutants with an 
integrated transgene overexpressing wild-type egl-9, indicating a suppressed O2-ON response. 
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Figure S4. cysl-1 expression patterns and site-of-function analysis, Related to Figure 4 9  
(A) Genome browser view of cysl-1 gene structure, showing the promoter region that was used to construct 
transcriptional and translational GFP reporters. (B) Behavior of rhy-1; cysl-1 mutants with cysl-1 cDNA 
expressed in hypodermal tissues, showing the O2-ON response not suppressed. (C) The dpy-7-driven 
hypodermal expression of cysl-1 cDNA rescued the K10H10.2::GFP expression in rhy-1; cysl-1 double 
mutants. (D) Behavior of egl-9(-); K10H10.2(-) mutants with a defective O2-ON response. (E) Behavior of 
otEx [Phif-1::hif-1(P621A)] animals, indicating that stabilization of HIF-1 was not sufficient to cause an O2-
ON defect. (F) Behavior of egl-9(-); hif-1(-); otEx [Punc-120::hif-1(P621A)] animals, indicating that 
stabilization of HIF-1 specifically in muscles was not sufficient to rescue the egl-9(-); hif-1(-) double mutant 
behavioral phenotype in the O2-ON response. 
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Figure S5. Properties of recombinant and endogenous CYSL-1 wild-type and mutant proteins, Related 
to Figure 5  
(A) BLASTP searches of NCBI databases against the CYSL-1 protein query revealed a CBS-like domain in 
CYSL-1 belonging to type-II PLP-dependent enzyme family and cysteine synthase (cysKM) family proteins. 
Predicted catalytic residues, PLP-binding sites and dimer interfaces are indicated. (B) Western blots using 
antibodies against GST to detect wild-type GST-CYSL-1 or n5515, n5521, n5522, and n5537 mutant GST-
CYSL-1 from soluble or insoluble fractions of bacterial lysates, showing that these missense mutations 
caused CYSL-1 to reside in the inclusion bodies during purification. (C) Coding amino acid residues affected 
by six cysl-1 missense or nonsense mutations highlighted in CYSL-1. (D) Purified CYSL-1 was analyzed by 
peptide mass fingerprinting using MALDI-TOF. The molecular weight was determined to be 37.2 kD. (E) 
Native electrophoresis of purified CYSL-1, revealing a molecular weight of about 70 kDa and indicating that 
CYSL-1 forms homodimers. Lane 1: CYSL-1, 2: α-Lactalbumin (14.2 kDa), 3: Carbonic Anhydrase (29 
kDa), 4: Ovalbumin (90 kDa), 5: BSA (66 and 132 kDa), 6: Urease (272 and 545 kDa). (F) Recombinant 
CYSL-1 purified from E. coli was analyzed by UV/visible absorption spectrometer, showing a spectrum 
characteristic for type-II PLP-dependent enzymes (Mozzarelli et al., 2011). (G) Purified recombinant CYSL-
1 proteins from E. coli were analyzed by circular dichroism, showing a absorption spectrum characteristic for 
type-II PLP-dependent enzymes (Mozzarelli et al., 2011). 
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Figure S6. CYSL-1 regulates the O2-ON response independently of cysteine synthase activity, Related 
to Figure 5 13  
(A) Behavior of rhy-1(n5500); nIs470; cysl-1(n5519) mutants with restored O2-ON response. (B) Measured 
cysteine levels indicating cysteine synthase activities of recombinant wild-type CYSL-1 and CYSL-1(n5519) 
mutant proteins purified from E. coli. CYSL-1(n5519) mutant proteins exhibited normal activity levels. (C) 
A sequence homology model of the three-dimensional structure of CYSL-1, using the SWISS-MODEL 
platform, compared with Arabidopsis OASS, which shares 58% a.a. identity with CYSL-1. (D) The 
Arabidopsis OASS protein (PDB ID: 2isq) with the active site occupied by SAT C-terminal peptides. (E) A 
homology-model structure of CYSL-1 G183R mutants with the substituted arginine blocking the PLP active 
site. (F) Predicted locations of the residues affected by cysl-1 mutations. Note that n5515, n5521, n5522, and 
n5537 residues all reside internally within the CYSL-1 protein, whereas the n5519-affected arginine residue 
sits on the surface of the protein far away from the active site. (G) Multiple sequence alignment of C. elegans 
CYSL-1, bacterial and plant OASS proteins, showing that the lysine (K) residue important for binding SATs 
in bacteria and plants is missing in C. elegans CYSL-1. (H) Behavior of rhy-1(n5500); nIs470 mutants fed on 
an OAS-deficient bacterial strain (ΔcysE). Note that the O2-ON response defect of rhy-1(n5500) mutants is 
not restored. 
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Figure S7. EGL-9 interaction with CYSL-1 and the behavioral effects of H2S, Related to Figure 6 
(A) EGL-9 C-terminal peptide sequences used to measure peptide binding-induced enhancements of intrinsic 
CYSL-1 fluorometric emission upon 412 nm excitation. (B) Peptides of the wild-type EGL-9 with 10 C-
terminal amino acid residues at 2 μM or 10 μM concentrations enhanced the fluorometric emission of CYSL-
1 in a dose-dependent manner. (C) Peptides of the wild-type EGL-9 with 14 C-terminal animo acid residues 
at 2 μM or 10 μM concentrations enhanced the fluorometric emission of CYSL-1 in a dose-dependent 
manner. (D) Peptides of the wild-type EGL-9 with four C-terminal animo acid residues at 2 μM or 10 μM 
concentrations enhanced the fluorometric emission of CYSL-1 in a dose-dependent manner. (E) Mutant 
EGL-9 peptide (E720K caused by n5535) with 10 C-terminal amino acid residues at 2 μM or 10 μM 
concentrations failed to enhance the fluorometric emission of CYSL-1. (F) The mutant EGL-9 peptides with 
the terminal isoleucine substituted with alanine at 2 μM or 10 μM concentrations failed to enhance the 
fluorometric emission of CYSL-1. (G) Behavior of wild-type animals after H2S exposure for 24 hrs, showing 
a normal O2-ON response. (H) Behavior of otIs197 animals with HIF-1 stabilized in neurons, showing a 
normal O2-ON response. (I) Behavior of otIs197 animals after H2S exposure for 24 hrs, showing a defective 
O2-ON response. (J) Co-evolution of CYSL-1 and the C-terminus of EGL-9. C-terminal SAT-mimicking 
motifs were found in EGL-9 homologs of C. elegans, C. briggsae, and P. pacificus but not in Drosophila and 
H. sapiens. Expansion of CBS gene family and acquisition of CYSL-1 homologs follow the same phylogenic 
distribution. Evolutionary relationships and divergence times (Dieterich et al., 2008) of these species were 
indicated on the left. Mya: Million years ago. 
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Supplemental Table 1 
 
(A) Mutants with activation of nIs470 under normoxic conditions 
LG Alleles  Phenotype  Genes  Penetrance 
V  n5496, 

n5484, 
n5480, 
n5482  

Recessive  egl-9  100%  

X  n5495, 
n5498  

Recessive  vhl-1  100%  

II  n5492, 
n5500  

Recessive  rhy-1  100%  

 
 
(B) Primers used for QPCR and molecular cloning 
Primer name Primer sequence  
DM15_act-3 Q5p  tccatcatgaagtgcgacat  
DM16_act-3 Q3p  tagatcctccgatccagacg  
DM25_K10H10.2 Q5p  tccacatagcccacacaaaa  
DM26_K10H10.2 Q3p  gttggctccagacgagattc  
DM97_K10H10.2 pro Clone5p  cacgtcgaccacattttgtaagtttcagacgtttc  
DM98_K10H10.2 pro Clone3p  cacccgggcggccgctatgatgagttgattggcagagga  
DM173_K10H 2transps c5p  caccagatagggattccatttaggcttt  
DM174_K10H 1transps c5p  caccaaaggtttgtattacgggaaca  
DM179_C17G1.7 Q5p  cgcaactctattggcgaaa  
DM180_C17G1.7 Q3p  cgctccaatacgatctttgac  
DM217_nhr-57 Q5p  gtatgccggaaaaagaacga  
DM218_nhr-57 Q3p  atgcaggggaagatgaacag  
DM264_ric-19 pro c5p  caccggccttctgaagttatca  
DM265_ric-19 pro c3p  gttcaaagtgaagagctctctcg  
DM327_hsp-16.2 Pro c5p  caccaagagcatttgaatcagaatatg  
DM328_hsp-16.2 Pro c5p  atgattatagtttgaagatttctaatttcac  
DM365_hif-1PA cDNA c5p  caccgctagcatggaagacaatcggaaaag  
DM366_hif-1PA cDNA c3p  ccgagctctcaagagagcattggaaatggg  
DM685_rhy-1 genomic c5p  caccgcggccgcccgggcaagcaccaatgggaaatctg  
DM686_rhy-1 genomic c3p  tcaatggcattagcaactcg  
DM764_dpy-7 promoter c5p  cacctgtctctgacgcctgtgagt  
DM765_dpy-7 promoter c3p  tttgttttcacagagcggtaga  
DM869_C17G1.7 cDNA c5p  caccgctagccggcttaccgccatggctgatcgcaactctattgg  
DM870_C17G1.7 cDNA c3p  ccgagctcactccataatatcatagttgtgaaga  
DM871_C17G1.7 promoter c3p  tctgaaacatcgactatgagttaaatg  
DM872_C17G1.7 codutr c3p  ccactagtcttagtgtctgcgggttca  
DM907_C17G1.7 procod if5p  tggctagcgtcgacggtaccaaatcccgagtgttctgcat  
DM908_C17G1.7 procod if3p  tcattttttctaccggtaccccctccataatatcatagttgtgaaga  
DM930_csi-1 cDNA to pGADT7 if5p  ggaggccagtgaattcatggctgatcgcaactctattgg  
DM931_csi-1 cDNA to pGADT7 if3p  cacccgggtggaattctcactccataatatcatagttgtgaaga  
DM932_egl-9 cDNA to pGBKT7 if5p  catggaggccgaattcatgagcagtgccccaaat  
DM933_egl-9 cDNA to pGBKT7 if3p  ggatccccgggaattctcagatgtaatactctgggtttgtgg  
DM934_egl-9nc cDNA to pGBKT7 if3p  ggatccccgggaattctcagtttgtggaaggaggtggtg  
DM941_egl-9(n5535) cDNA to pGBKT7 if3p  ggatccccgggaattctcagatgtaatactttgggtttgtgg  
DM952_hif-1 cDNA to pGADT7 if5p  ggaggccagtgaattcatggaagacaatcggaaaag  
DM953_hif-1 cDNA to pGADT7 if3p  cacccgggtggaattctcaagagagcattggaaatggg  
DM955_myc-egl-9a to pRSET if3p  cagccggatcaagctttcagatgtaatactctgggtttgtgg  
DM956_egl-9ct to pGBKT7 if5p  catggaggccgaattcatggctttggcaaaaggaaaaga  
DM958_egl-9NC2 to pGBKT7 if3p  ggatccccgggaattcttaaaaattatctctatcttcatctgctgcagatacc  
DM959_egl-9NC3 to pGBKT7 if3p  ggatccccgggaattctcatctatcttcatctgctgcagatacc  
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(C) Statistics of the O2-ON response in various strains under different conditions 
Strain  Mean speed 

during 1 min 
before O2-
ON  

N  SE  Mean speed 
during 1 min 
after O2-ON  

N  SE  p-value of the speed 
difference before 
and after O2-ON 
response  

p-value of the 
difference in 
the O2-ON 
response 
between 
strains  

Wild type  48.3  90  1.4  100.7  125  3.4  <0.01  <0.01, vs egl-
9(sa307)  

egl-9(sa307)  39.1  304  0.9  35.3  288  1.2  N.S.  <0.01, vs wild 
type  

egl-9(sa307); 
hif-1(ia4)  

43.3  148  0.7  128.3  185  3.4  <0.01  <0.01, vs egl-
9(sa307)  

hif-1(ia4)  35.3  426  0.6  81.5  492  1.9  <0.01  N.S., vs wild 
type  

wild type 
[after 24 hrs 
hypoxia 
experience]  

42.6  119  1  47  125  1.7  N.S.  <0.01, vs 
naïve wild 
type  

hif-1(ia4) 
[after 24 hrs 
hypoxia 
experience]  

28.4  50  0.8  68.6  61  4.7  <0.01  <0.01, vs wild 
type with 
hypoxia  

cysl-1(ok762) 
[after 24 hrs 
hypoxia 
experience]  

79.6  48  3.3  96.1  47  6.9  <0.01  <0.01, vs wild 
type with 
hypoxia  

rhy-1(n5500)  42.9  74  1.4  45.7  83  3  N.S.  <0.01, vs wild 
rhy-1(n5500); 
hif-1(ia4)  

29.7  54  1.4  73.5  72  4.1  <0.01  <0.01, vs rhy-
1(n5500)  

rhy-1(n5500); 
nEx[rhy-1(+)]  

38.3  89  1.2  102.3  96  4.6  <0.01  <0.01, vs rhy-
1(n5500)  

rhy-1(n5500); 
cysl-1(n5515)  

44.8  91  1.1  70.8  102  2.9  <0.01  <0.01, vs rhy-
1(n5500)  

rhy-1(n5500); 
egl-9(n5535d)  

35.6  110  1.1  80.2  148  2.5  <0.01  <0.01, vs rhy-
1(n5500)  

egl-9(sa307); 
cysl-1(ok762)  

43.2  97  1.4  21.8  85  1.4  N.S.  <0.01, vs cysl-
1(ok762)  

cysl-1(ok762)   46.1  65  2.5  97.7  88  5.5  <0.01  <0.01, vs egl-
9(sa307); cysl-
1(ok762)  

rhy-1; cysl-1; 
nEx[Pric-
19::cysl-1]  

42.1  46  1.9  33.8  37  2.8  N.S.  <0.01, vs rhy-
1(n5500); 
cysl-1(ok762) 

rhy-1; cysl-1; 
nEx[Pdpy-
7::cysl-1]  

41.4  35  2.6  76.2  45  5  <0.01  N.S., vs rhy-1; 
cysl-1;  

egl-9; hif-1; 
otIs[Punc-
14::hif-
1(P621G)]  

30.2  63  1.4  30.8  61  1.9  N.S.  <0.01, vs egl-
9(sa307); hif-
1(ia4)  

egl-9; hif-1; 
nIs[Pdpy-
7::hif-
1(P621G)]  

28.2  90  0.8  58.4  115  2.1  <0.01  N.S., vs egl-9; 
hif-1;  
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Supplemental Experimental Procedures  
 
Mutations and Strains  
C. elegans strains were cultured as described (Brenner, 1974). The N2 Bristol strain (Brenner, 1974) was 
used as the reference wild-type strain, and the polymorphic Hawaiian strain CB4856 (Wicks et al., 2001) was 
used for some genetic mapping. Mutations used were as follows: LG I, gcy-35(ok769) ; LG II, rhy-1(n5487, 
n5492, n5497, n5500, ok1402), K10H10.2(ok3516), tph-1(n4622); LG IV, him-8(e1489); LG V, egl-9(sa307, 
n586, n587, n5480, n5482, n5496, n5484, n5535, n5539) (Darby et al., 1999; Trent et al., 1983), tam-
1(n5512, n5514, n5516, n5538, n5541, cc567) (Hsieh et al., 1999), hif-1(ia4, n5513, n5527) (Shen et al., 
2005), gcy-33(ok232); LG X, dpy-6(e14), cysl-1(n5515, n5518, n5519, n5521, n5522, n5536, n5537, ok762), 
egl-15(n484), vhl-1(n5495, n5488, ok161), gcy-36(db66) (Cheung et al., 2004), gcy-31(ok296). Transgenic 
strains were generated by germline transformation (Mello et al., 1991). Transgenic constructs (at 20–50 
ng/μl) were co-injected with mCherry reporters, and lines of mCherry-positive animals were established. 
Gamma irradiation was used for generating integrated transgenes.  
 
Molecular biology, QPCR and protein characterization  
Constructs were generated mostly using the Gateway system (Invitrogen) and Infusion cloning (Clontech) 
techniques (Hartley et al., 2000). Promoters of K10H10.2, ric-19, dpy-7, hsp-16.2, and cysl-1 were amplified 
using PCR and cloned into entry vectors. cDNA fragments of GFP, mCherry, hif-1, egl-9, rhy-1 and cysl-1 
were cloned into destination vectors that can recombine with corresponding entry vectors to yield final 
desired constructs. GFP translational fusion and yeast two-hybrid constructs were generated using PCR and 
Infusion cloning. Primer sequences are shown in Table S1. QPCR was performed with reverse-transcribed 
mRNA samples and SYBR green dyes in a Realplex thermal cycler, and results were analyzed using the ddT 
method in GraphPad Prism. GST-tagged CYSL-1 was purified from IPTG-induced bacterial strain BL21 
using glutathione sepharose resins. GST-CYSL-1 was studied using fluorescence spectrophotometry after 
being cleaved using PreScission proteases. The intrinsic fluorescence emission of CYSL-1 in 50 mM Tris pH 
7 in the absence or presence of peptide was monitored using a fluorescence spectrometer (Perkin Elmer 
LS55). The excitation wavelength was 412 nm (slit width of 5 nm) with an emission signal scanned from 440 
to 575 nm (slit width of 10 nm). The absorption and CD spectra of C17G1.7 were recorded using a UV-VIS 
spectrophotometer (Shimadzu UV2550) and a chiroptic spectrometer (Jasco J-810). To measure OASS 
activity, we determined cysteine levels by HPLC as described previously (Maclean et al., 2010). To test if 
H2S modulates the interaction between CYSL-1 and EGL-9 in vivo, a GFP::EGL-9 translational reporter 
strain nEx[Pric-19::egl-9::gfp] was cultured with or without exposure to H2S for 1 hr, and GFP::EGL-9 
complexes from homogenized cell lysates (TissueRupter, Qiagen) were isolated using anti-GFP-conjugated 
agarose beads (GFP-Trap from ChromoTech). For western blots, samples were separated by SDS-PAGE, and 
immuno-blotting was performed using polyclonal GFP antibodies (Invitrogen) or polyclonal CYSL-1 
antibodies prepared against purified recombinant CYSL-1 (Exbio Praha, a.s., Vestec, Czech Republic). 
 
Bioinformatics  
The BLASTP program from NCBI was used to search for proteins homologous to CYSL-1 (Altschul et al., 
1990). Multiple sequence alignments for C. elegans full-length CYSL-1 and its homologs from other species 
were generated and analyzed using ClusterW2 (Larkin et al., 2007), and the results were displayed and 
annotated on JalView (Waterhouse et al., 2009). Secondary structure and membrane-spanning segment 
predictions for RHY-1 were generated using SOSUI (Hirokawa et al., 1998), and the IPR002656 
Acyltransferase 3 motif was annotated using InterPro from EMBO-EBI (http://www.ebi.ac.uk/interpro/). 
Structural homology modeling for CYSL-1 wild-type and CYSL-1 G183R mutant proteins was performed 
using SWISS-MODEL (Arnold et al., 2006), and the pdb files were displayed and annotated using 
FirstGlance in Jmol (http://molvis.sdsc.edu/fgij/index.htm).  
 
Statistical analyses  
One-sided unpaired t-tests were used to compare the mean speeds of all animals within 60 seconds before or 
after O2 restoration. Speed differences are highly significant (p<0.001) for the graphs in Figure 1A, 1F, 1G, 
1H, 2D, 2E, 3E, 3F, 4F, 4I, 6A, 6H, 6I but not for the graphs in Figure 1D, 1E, 2C, 2G, 3D, 4G, 4H (e.g., 
Figure 1A datasets yield a p-value of 7.4 x 10^-28). Two-way ANOVA was used to calculate the P values to 
test for significant interaction of genotypes or between different conditions. The numbers and the 
comparisons made are summarized in Table S1C. One-way or two-way ANOVA followed by Bonferroni 
post-tests were used to compare normalized steady-state transcript levels as measured in gene expression by 
quantitative real-time PCR. 
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